New multilayer polymer waveguides have been introduced with inverted nonlinear layers for efficient modal dispersion phase-matched second-harmonic generation at the telecommunication wavelength near 1.55 m. The nonlinear optical core of the waveguides consists of two modified Disperse Red 1-based side-chain polymers with different glass-transition temperatures. The signs of the nonlinear optical coefficients are different in the two polymers after suitable poling above and between the respective glass transitions, thereby optimizing the overlap integral. The optical nonlinearity profile is controlled by in situ electro-optical measurements during the two poling steps. The successful preparation of inverted layers is verified by electro-optical, pyroelectrical, and second-harmonic-generation thermal analysis. Waveguide losses are low at 1.55 m (4 dB/cm) and high at 800 nm (100 dB/cm) because of the residual absorption of the Disperse Red 1-like chromophores. Phase-matched second-harmonic generation has been demonstrated with a large figure of merit, 14%/W cm Ϫ2 . Extensive room for improvement in second-harmonic generation is possible with optimized chromophores, because the total conversion efficiency is strongly limited by the harmonic losses in the modified Disperse Red 1.
INTRODUCTION
Second-order nonlinear optical (NLO) processes in telecommunication windows at 1.3 and 1.55 m are of great interest for parametric amplification 1 and wavelength conversion. 2 Second-order nonlinear optics has excited renewed attention because of third-order-like nonlinearities (cascading) that have shown potential for all-optical switching, spatial soliton generation, propagation, etc. 3 Cascading is feasible through second-harmonic generation (SHG), sum-frequency generation, differencefrequency generation, a combination of optical rectification and the electro-optic (EO) effect. 3 NLO polymers are very interesting materials for waveguide second-order nonlinear optics at the telecommunication wavelengths because of their large nonresonant second-order nonlinearities after poling: Thus they are attractive for cascading by means of SHG. 4 Efficient waveguide SHG requires some form of phase matching (PM), e.g., quasiphase matching (QPM), 5, 6 anomalous dispersion phase matching, 7 or modal dispersion phase matching (MDPM). 8 QPM and anomalous dispersion phase matching allow for conversion between the lowest-order fundamental and second-harmonic (SH) modes. However, periodic poling for QPM leads to significant surface deformations and small values for the periodically modulated nonlinearity. 9 An alternative QPM approach based on serial grafting has been reported with promising early results. 6 Anomalous dispersion phase matching suffers from limited transparency. 7 Therefore MDPM seems to be an interesting alternative for efficient SHG. The SH mode appears as a higher-order guided mode owing to the waveguide and material dispersion with wavelength 10 ; hence efficient MDPM requires sophisticated multilayer fabrication and poling techniques. However, inasmuch as the SH field is rarely the final output for processes such as cascading, the resulting complicated field struc-ture is not a limitation on SHG. In this paper we introduce new polymer-based channel waveguides for efficient phase-matched transverse magnetic TM 00 -TM 10 2 and TM 00 -TM 20 2 mode conversion and report on details of the preparation, poling, electrical, and optical characterization, and large figure of merit (FOM) of phase-matched waveguide SHG.
WAVEGUIDES FOR MODAL DISPERSION PHASE-MATCHED SECOND-HARMONIC GENERATION
In MDPM SHG the SH mode usually appears as a higherorder guided mode, which can lead to low conversion efficiencies (ϰ͉S͉ 2 ) because of interference effects across the waveguide dimensions inherent in the overlap integral S:
where t is the core thickness; d 33 (2) (z) is the relevant spatially varying second-order NLO susceptibility tensor element (for TM modes in our case); E z m, (z) and E z n,2 (z) denote the z components of the electric field of the fundamental and the SH modes, respectively; and m and n (typically m ϭ 0) are the respective mode numbers. The overlap integral is large if the sign of the nonlinearity is also reversed n times or if the nonlinearity is zero whenever the field is negative (or positive) because E n,2 (z) changes sign n times across the waveguide. Both of these approaches have been used for slab waveguides made from Langmuir-Blodgett and polymer films. 8, [11] [12] [13] [14] [15] MDPM with TM 00 -TM 10 2 was demonstrated in a channel and a slab multilayer waveguide with a guiding layer consisting of a passive and a nonlinear optically active polymer film 8, 11, 13 and with TM 00 -TM 20 2 in a channel waveguide with a guiding layer consisting of a single nonlinear optically active layer. 12 A high FOM, ϭ P 2 /P 2 L 2 ϭ 1%/W cm Ϫ2 (with P 2 being the power of the SH light; P , the power of the fundamental light; and L, the device length, typically limited by absorption losses) was achieved even in a nonoptimized case. 12 For TM 00 -TM 10 2 mode conversion with a linear-nonlinear optical guiding region 13 the FOM improved to 14%/W cm Ϫ2 . However, as much as four times greater efficiency can be expected if the linear inactive region is replaced by a region of opposite nonlinearity [d 33 (2) coefficient]. Such a steplike nonlinearity profile has been achieved in slab waveguides, for example, by use of the Langmuir-Blodgett technique. 14, 15 Our proposal 16 for improving the SHG FOM uses the waveguide geometries shown schematically in Fig. 1 . The core of the waveguide consists of two NLO side-chain polymers with different glass-transition temperatures T g . The steplike dipole orientation profile required for the desired change of sign of the NLO coefficient is achieved by a two-step poling technique reported in detail previously. 17 The waveguides were prepared by multilayer spin coating of appropriate polymer solutions onto silicon or glass substrates coated with indium tin oxide (ITO). To separate the guided mode fields from the absorbing electrodes, the guiding layers were sandwiched between two PC buffer layers (polymer from Akzo Nobel). For the guiding layers, two different poly(styrene maleic anhydride) copolymers with chemically attached Disperse Red 1-like side groups (products 9511 and 9512, Sandoz 18 ), and glass transitions T g ϭ 137°C and T g ϭ 164°C were used. The refractive indices of the unpoled core and cladding materials were determined by grating coupling experiments and were extrapolated with a Sellmeier formula. At the PM wavelength of 1.61 m the calculated indices are n 1 ϭ 1.664 and n 1 2 ϭ 1.724 (core), and n 2 ϭ 1.542 and n 2 2 ϭ 1.550 (cladding). The influence of the poling and the bleaching process on the refractive index of the core material has not been characterized. Channel waveguides with widths that vary from 1 to 5 m were defined after poling by photobleaching through a mask. The light coupling was provided by microscope objectives (40ϫ) through the polymer end faces that were fabricated with a fine dicing saw.
POLING, ELECTRICAL, AND OPTICAL CHARACTERIZATION
A. In Situ Electro-Optical Measurements During Poling Poling was performed with typical fields of 50 V/m at 165 and 140°C. Note that the multilayer structures (similar to Fig. 1, left) for the experiments described below were prepared upon ITO-coated glass substrates rather than upon silicon. To determine the optical nonlinearity, the EO response of the multilayer structure was monitored in situ with an ellipsometric EO technique [19] [20] [21] at a wavelength ϭ 1.31 m. The voltage applied to the sample was a superposition of the poling field E dc Ϸ 50 V/m and a modulated field E ac ϭ 5 V/m with a modulation frequency of f ϭ 10 kHz used for measuring the EO response. The applied dc field leads to an orientation of the chromophore dipoles and thus to an EO signal from the linear and quadratic (field-induced) EO Pockels and Kerr effects that originate from the molecular hyperpolarizabilities ␤ and ␥. In addition, the reorientation of the dipoles in the applied field causes a signal that results from the birefringence ⌬␣ ϭ ␣ Ќ Ϫ ␣ ʈ , where ␣ ʈ and ␣ Ќ are the parallel and the perpendicular linear polarizabilities, respectively, of the chromophore dipole. For a detailed description of the signal response the reader is referred to Refs. [21] [22] [23] . Figure 2 shows the temperature profile during the twostep poling process, the applied dc poling and ac probing fields, and the in situ EO response of the multilayer sample. The rapid increase immediately after the application of the electric field at a sample temperature of T 1 ϭ 165°C is caused by a combination of the EO Pockels and Kerr effects and the birefringence contribution in the two different polymer films. The EO response saturates quickly, as the chromophore dipoles are highly mobile in both films. During cooling to the lower, second poling temperature T 2 ϭ 140°C between the glass transitions of the two polymers, the dipole orientation within the high-T g polymer is frozen, and thus the birefringence contribution to the EO signal is decreasing. The magnitude of the decrease depends strongly on the modulation frequency. Reversing the poling field at T 2 ϭ 140°C causes the EO signal to drop nearly to zero, as the orientation of the dipoles in the low-T g polymer is reversed, whereas the dipoles in the high-T g polymer are already frozen permanently. Finally, on cooling to room temperature, the dipole orientation is frozen in both polymers. When the dc field is turned off the dc-induced Kerr response vanishes. As demonstrated in Fig. 2 , it is possible to adjust the voltages and poling times to achieve a perfectly balanced antiparallel orientation in both polymer layers. However, for the SHG waveguide experiments, poling should be performed with the highest possible poling fields to optimize the nonlinearity and hence the overlap integral. It must be noted here that making a quantitative analysis of the EO response is rather difficult because of the many contributions to the EO signal.
B. Electro-Optic Thermal Analysis
Further evidence of the successful preparation of inverted layers is gained by measurements made with the recently introduced thermal analysis techniques based on the pyroelectric effect, the EO effect, and SHG. For details of the various experimental techniques the reader is referred to two recent reviews and the literature cited therein. 24, 25 During electro-optic thermal analysis (EOTA), the EO response is recorded while the multilayer is heated at a constant rate (4°C/min in our investigations). As only an ac field is applied, the measured EO response is caused solely by the Pockels effect. Neglecting the small differences in the refractive indices of the two NLO polymers, the EO response is proportional to the average nonlinearity r 33,1 t 1 ϩ r 33,2 t 2 , where r 33,1 (2) and t 1(2) denote the EO coefficients of the two polymers and the layer thicknesses, respectively.
In Fig. 3 the small EO signal at room temperature indicates an almost perfectly balanced inverted structure. As the temperature increases, the dipoles relax first in the low-T g polymer, and thus the EO signal stems mainly from the still-oriented dipoles in the high-T g polymer. Finally the EO response drops to zero when all dipoles have randomized their orientation. As the EO response during EOTA is caused solely by the Pockels effect, quantitative data analysis is possible. We found that the non linearities in the waveguides were significantly smaller than those in reference multilayers poled without clad- Fig. 2 . In situ EO response of a TM 0 -TM 1 2 mode conversion waveguide during the two-step poling process. Top, temperature profile; middle, applied dc poling and ac probing field; bottom, measured EO signal. The small EO response at the end of the poling process indicates a nearly balanced inverted-layer structure. Fig. 3 . EO thermal analysis of an inverted-layer structure. The EO signal is recorded while the polymer is heated at a rate of 4°/min. The EO signal first increases, when the low-T g dipoles relax and finally vanishes when all dipoles are relaxed. ding polymers. This result indicated that the electrical conductivities of the cladding-multilayer-film system were not optimum and could be improved significantly.
C. Pyroelectric Thermal Analysis
The pyroelectric effect has proved useful for the investigation of NLO polymers because the sign of the pyroelectric response is sensitive to the dipole orientation and because depth-resolved monitoring of the dipole orientation is possible. 24 For the pyroelectric investigations, multilayers without cladding polymers were prepared onto aluminum-coated glass substrates with layer thicknesses of 1.5 m. Intensity-modulated light from a laser diode was partly absorbed within one of the electrodes on the polymer stack, causing periodic temperature oscillation within the sample limited to a depth z ϭ ͱD/f controlled by modulation frequency f and thermal diffusivity D of the polymer. We used a modulation frequency of f ϭ 115 kHz, so the periodic temperature oscillation affected only a fraction of the polymer film within z ϭ 0.5 m of the electrode. As the pyroelectric signal was generated only in the periodically heated part of the polymer, the dipole orientation could be directly monitored within the two different polymers when geometries with no cladding layers were used.
During pyroelectric thermal analysis the pyroelectric response was measured while the multilayer was heated at the same rate as discussed previously for EOTA. The response was measured alternately with thermal excitation on top of the polymer film and at the interface between the metallized glass substrate and the polymer. The different sign of the pyroelectric signal shown in Fig.  4 clearly proves the preparation of an inverted-layer structure; further evidence is given by the relaxation of the pyroelectric signal at the two respective glass transitions.
D. Second-Harmonic-Generation Thermal Analysis
Whereas off-resonance EO measurements provide only the average nonlinearity, just like the previously discussed pyroelectric measurements resonantly enhanced SHG permits individual investigation of the two different films in the inverted structure. In our modified Disperse Red 1-based polymers the 532-nm wavelength obtained by frequency doubling of 1064-nm Nd:YAG laser light lies within the bandwidth of charge-transfer absorption peak of the chromophores. Linear absorption measurements of submicrometer-thick films yielded an absorption coefficient of ␣ 2 ϭ 8. 10 4 cm Ϫ1 at 532 nm. The SHG response was measured with a fundamental wave incident onto the high-or low-T g polymer. The transmitted SHG signal stems solely from a depth of approximately 3/␣ 2 ϭ 375 nm. Thus in the experimental configuration of Fig. 5 the measured SHG signal originates solely from the low-or high-T g polymer.
During linear heating at 4°C/min, both SHG signals were measured simultaneously by rotation of the sample 180°every few seconds in a computer-controlled setup. As expected, the appropriate SHG signal vanished in the vicinity of the two glass-transition temperatures. One of the SHG signals is shown in Fig. 5 with a negative sign for clarity, although the SHG signal is not sensitive to the direction of the oriented dipoles. However, the direction of the dipole orientation was obtained from the sign of the third-order electric-field-induced SHG signal measured with a dc field applied to the poled multilayer sample. Unlike the pyroelectric measurements, SHG thermal analysis can be performed with geometries including cladding layers.
E. Waveguide Losses
Low waveguide losses at both the fundamental and the SH wavelengths (␣ and ␣ 2 ) are crucial for the efficiency of SHG devices. The power loss coefficients of the poled channel waveguides including their spectral dependence were determined by careful measurement of the throughput for samples of different lengths (0.1, 0.2, 0.3, and 1.0 cm). First we measured several identical waveguides (5-10) from each sample to check for reproducible coupling efficiencies, with good results. The total throughput at the PM wavelength of 1.61 m ranged from (37 Ϯ 3)% for the 0.1-cm-long sample to (13.5 Ϯ 2)% for the 1.0-cmlong sample. The spectral dependence of the loss was then measured for a 1.0-cm-long waveguide. The results are shown in Fig. 6(a) . Near the telecommunication wavelength of 1.55 m the losses are fairly low, 3.5 dB/ cm. Toward both ends of the tuning range of the colorcenter laser the losses increase significantly, which we attribute to the overtones of the C-H bonds.
All the loss data given above correspond to the waveguides used for the TM 00 -TM 20 2 conversion (three active layers). The samples for the TM 00 -TM 10 2 conversion generally showed a larger loss that depended strongly on the bleaching conditions during channel fabrication. This excess loss can be explained by the fact that PM occurs for very weakly guided modes. As a result, the evanescent fields decay slowly with distance into the cladding materials and can cause radiative leakage if they reach the high-index silicon substrate. Because longer bleaching times lead to progressively weaker optical confinement, the propagation losses will increase. This problem, however, can easily be avoided by the deposition of a thicker buffer layer.
The losses ␣ 2 in the SHG wavelength region were estimated by the same procedure with a Ti:sapphire laser. Because of the large loss in this wavelength range, the throughput could be determined only for short samples (р0.3 cm), therefore leading to increased experimental error. The loss appears to be mainly absorptive, as suggested by the strong increase toward shorter wavelengths [ Fig. 6(b) , open circles]. Therefore special care had to be taken to avoid bleaching of the chromophore during the measurement. The SHG loss was also calculated from the SHG bandwidth (␣ 2 ϭ 95 dB/cm; filled circle) as discussed below, and the two measurements are in good agreement.
PHASE-MATCHED SECOND-HARMONIC GENERATION A. Second-Harmonic-Generation Efficiency and Figure of Merit
The nonlinear waveguide characterization was conducted with a pulsed NaCl:OH Ϫ color-center laser that generated picosecond pulses (6-9 ps) over a tuning range of 1500-1650 nm. The SHG efficiency Ј ϭ P 2 /(P ) 2 and the 2 were determined based on the guided fundamental peak power P inside the waveguide entrance facet, the guided SHG peak power at the exit, and the sample length L. In the presence of waveguide loss (␣ and ␣ 2 ) and phase mismatch ⌬␤ ϭ 4(N 2 Ϫ N )/, the SHG efficiency in the low conversion limit is governed by the following equation:
with ⌬␣ ϭ ␣ 2 /2 Ϫ ␣ and with the effective refractive indices N and N 2 . In a perfect lossless waveguide the FOM 0 is a constant and therefore is frequently used to characterize SHG devices. Because of the high loss coefficients, especially at the SH wavelength, the highest FOM's were measured in the shortest (0.1-cm-long) waveguides: 4%/W cm Ϫ2 for the TM 00 -TM 10 2 conversion (two active layers), and 14%/W cm Ϫ2 for the TM 00 -TM 20 2 conversion (three active layers). Even though these values have been severely reduced by the SHG absorption, they are still among the highest FOM's reported for poled polymer waveguides.
For TM 00 -TM 20 2 conversion the efficiency and the FOM were investigated in more detail. Figure 7 shows experimental data of both quantities plotted versus the sample length. The efficiency values exhibit a much larger spread than the throughput data because SHG is more susceptible to waveguide imperfections than is waveguide loss. The solid curves in Fig. 7 are theoretical curves calculated from Eq. (2) 
B. Tuning Curves and Acceptance Bandwidth
We also investigated the spectral dependence of the SHG by tuning the color-center laser around the phasematching point while recording the SHG power. The corresponding data are presented in Fig. 8 for 0.1-cm-and 1.0-cm-long waveguides. It is noteworthy that the sidelobes of the tuning curve vanish entirely for the longer sample, in agreement with the theory. The solid curves are theoretical curves calculated with Eq. (2) and the appropriate waveguide parameters. In particular, the spectral dependence of the refractive indices (core and buffer) and the loss coefficients were taken into account. The waveguide parameters determine the width of the PM peak (acceptance bandwidth) completely. Only the exact location of the PM point was left as a fit parameter. These theoretical calculations show remarkable agreement with the experimental data.
Finally, the acceptance bandwidth was studied as a function of sample length L. For a perfect lossless waveguide the bandwidth narrows in a 1/L fashion, as shown in Fig. 9 . In the lossy case the narrowing saturates after some propagation distance because the loss effectively prohibits coherent superposition of the SH fields generated from various distances along the waveguide. The FWHM of the acceptance bandwidth is also governed by Eq. (2) and was numerically evaluated with the measured waveguide parameters. The bandwidth curves are completely determined by the waveguide parameters. If the bandwidth is known, Eq. (2) can be used to calculate one of these parameters, e.g., the SH loss ␣ 2 . Furthermore, for long enough samples (in which the bandwidth does not narrow any further), the phase mismatch at halfmaximum point ⌬␤ 1/2 equals ⌬␣, which in our case permits a simple estimation of the SH loss ␣ 2 ϭ 95 dB/cm. This value is in good agreement with the throughput measurement above and was used in the waveguide analysis. Nevertheless, bandwidth narrowing can also be limited by waveguide nonuniformities, which cause the PM point to drift along the samples. The last estimation can therefore provide only an upper limit to the waveguide loss. The measured bandwidth data in Fig. 9 show scatter and lie above the theoretical curve, especially for the longer samples. This effect is attributed to waveguide nonuniformities, a conclusion that is also supported by the reduced SHG efficiencies of the longer waveguides in Fig. 7 . Unlike QPM, 27 MDPM typically has critical tolerances on the waveguide parameters (thickness, etc.) because the QPM grating period is not available as a free design parameter. However, critically phase-matched SHG over a 7-mm length has already been demonstrated in polymers by means of MDPM. 13 
CONCLUSION
We have demonstrated efficient MDPM SHG with optimized overlap integrals in new multilayer polymer waveguides. The SHG conversion efficiencies are among the highest reported for poled polymers. There is extensive room for improvement in these demonstrated efficiencies, especially if new chromophores can be designed with large off-resonant nonlinearity near 1.55 m and small absorption near 800 nm. SHG tuning curves for 0.1-cm-and 1.0-cm-long waveguides: experimental data and theoretical curves (including refractive index and loss dispersion). The good agreement between theory and experiment suggests that the bandwidth for these waveguides is limited mainly by waveguide loss rather than by waveguide nonuniformities. Fig. 9 . SHG acceptance bandwidth data for waveguides of various lengths and theoretical dependence for the lossy and the lossless cases. The scatter of the data is attributed to nonuniformities in the waveguides.
